Dehydrins are hydrophilic proteins that are responsive to osmotic stress, such as drought, cold, and salinity in plants. Although they have been hypothesized to stabilize macromolecules in stressed cells, their functions are not fully understood. Citrus dehydrin, which accumulates mainly in response to cold stress, enhances cold tolerance in transgenic tobacco by reducing lipid peroxidation. It has been demonstrated that citrus dehydrin scavenges hydroxyl radicals. In this study, the metal binding of citrus dehydrin is reported and the specific domain responsible is identified. The metal binding property of citrus dehydrin was tested using immobilized metal ion affinity chromatography (IMAC -dehydrin binding. The amino acid sequence of CuCOR15 was divided into five domains, of which domain 1 bound Cu 21 most strongly. One portion of domain 1, HKGEHHSGDHH, was the core sequence for the binding. These results suggest that citrus dehydrin binds metals using a specific sequence containing His. Since citrus dehydrin is a radical-scavenging protein, it may reduce metal toxicity in plant cells under water-stressed conditions.
Introduction
Numerous studies on osmotic stress from drought, cold, and high salinity have been performed, since these abiotic forms of stress are major limiting factors of plant growth (Bray et al., 2000) . Osmotic stress up-regulates many genes, including those for radical-scavenging enzymes, water channels, enzymes for the biosynthesis of osmoprotectants, proteinases, transcription factors, protein kinases, and late embryogenesis abundant (LEA) proteins (Seki et al., 2002; Bray, 2004) . Of these, genes characterized well in terms of function have been extensively examined as to the relationship between gene expression and environmental stimuli. However, the functions of many genes, including those for LEA proteins, are not fully understood. There is a need to investigate the functions of these genes to elucidate the osmotic stress response in plants.
Dehydrins are group 2 LEA proteins. They are distributed not only in higher plants but also in algae, yeast, and cyanobacteria (Close, 1996; Ingram and Bartels, 1996; Svensson et al., 2002) . Drought, cold, salinity, and the administration of abscisic acid (ABA), all promote the gene expression and accumulation of dehydrin protein (Close, 1997; Svensson et al., 2002) . Wounding and radical treatments also induce dehydrin genes (Desikan et al., 2000; Richard et al., 2000) . Dehydrins are expressed during the late stages of embryogenesis (Close, 1996) . Many copies of dehydrins or dehydrin-related proteins are located in plant genomes. Five kinds of dehydrins in Arabidopsis show distinct tissue-specific distributions and different responses to cold, salt, and ABA (Nylander et al., 2001) . Dehydrins have been found to accumulate in the cytoplasm, nucleus, plasma membrane, vacuole membranes, and mitochondria (Close, 1996; Danyluk et al., 1998; Heyen et al., 2002; Hara et al., 2003) . Dehydrins are hydrophilic because of their high proportion of Gly and hydrophilic residues. Single or multiple Lys-rich motifs (consensus sequence: EKKGIMDKIKEKLPG) are conserved in all dehydrins (Close, 1996) . The Lys-rich motif is believed to form an amphiphilic a-helix that interacts with cellular macromolecules (Close, 1996 (Close, , 1997 Soulages et al., 2003) . Phospholipids, detergents, and low temperatures enhanced the conformational transition of the Lys-rich motif to form amphiphilic alpha-helices (Ismail et al., 1999b; Soulages et al., 2003) . Koag et al. (2003) demonstrated the binding of maize dehydrin to lipid vesicles.
Because dehydrin is strongly induced by cold stress in many plants, the relationship between the accumulation of dehydrin and the enhancement of cold tolerance has been studied. Dehydrin loci and tolerance to chilling were markedly cosegregated in cowpeas (Ismail et al., 1999a) . Transgenic plants expressing dehydrins showed higher cold tolerance than the wild types (Kaye et al., 1998; Hara et al., 2003; Puhakainen et al., 2004) . It is suggested that the expression of dehydrin genes plays an important role in increasing cold tolerance in plants. Citrus (Hara et al., 2001) , peach (Wisniewski et al., 1999) , wheat (Houde et al., 1995) , and spinach (Kazuoka and Oeda, 1994) dehydrins show cryoprotective effects on freezing-sensitive enzymes such as lactate dehydrogenase. Antifreeze activity has been demonstrated in peach dehydrin (Wisniewski et al., 1999) . The data from in vitro experiments indicate that the dehydrin protein can function as a protectant that reduces the degree of cellular injury at low temperatures. However, studies on dehydrin function during stress, other than cold stress, have been rare.
It has recently been reported that transgenic tobacco expresses citrus dehydrin with fewer peroxidized lipids than the wild type when incubated at low temperatures (Hara et al., 2003) . Citrus dehydrin shows scavenging activity against hydroxyl radicals and peroxyl radicals (Hara et al., 2004) . During the process of scavenging by citrus dehydrin, Gly, Lys, and His residues are markedly degraded, suggesting that the three are involved in the scavenging of radicals (Hara et al., 2004) . This antioxidative activity may be a crucial function of dehydrin, because dehydrins are produced not only by cold but also by drought and salinity, both of which are environmental stimuli which generate radicals in plants (McKersie et al., 1993; Shen et al., 1997; Iturbe-Ormaetxe et al., 1998) .
It is postulated that hydroxyl radicals, which are extremely cytotoxic, are generated during the response to water stress in plants ( Iturbe-Ormaetxe et al., 1998) . The hydroxyl radical is generated by the metal-catalysed Haber-Weiss reaction in which transition metals, such as Fe and Cu, participate (Halliwell and Grootveld, 1988) . In both transition states, i.e. as Fe 2+ and Fe 3+ or Cu + and Cu 2+ , these metals can form hydroxyl radicals by reacting with hydrogen peroxide or superoxide anions. It is known that some antioxidative proteins, such as metallothionein, ceruloplasmin, and serum albumin, bind metal ions to stabilize them (Soriani et al., 1994; Vasak and Hasler, 2000; Kang et al., 2001; Akashi et al., 2004) . Indeed, it is reported that some dehydrins can bind metal ions (Svensson et al., 2000; Kruger et al., 2002; Alsheikh et al., 2003; Herzer et al., 2003) . Svensson et al. (2000) noted that His residues in dehydrins could be involved in dehydrin-metal binding, because some dehydrins are rich in His, which is one form of metal-affinity residue. Ricinus communis and Glycine max dehydrins could be retained on a Cu 2+ -charged chelating column; they were eluted with imidazole, which is an analogue of His (Kruger et al., 2002; Herzer et al., 2003) . These results suggest a role for His in dehydrin metal binding. However, to confirm the role of His in the metal binding of dehydrins, more circumstantial evidence is needed on the contribution of His and specific metalbinding domains. In this paper, it has been analysed whether citrus dehydrin can bind metals, and if so, which domains are involved.
Materials and methods
Cloning of CuCOR15 cDNAs for CuCOR15 (Citrus unshiu cold-regulated 15 kDa) protein were obtained by screening a cDNA library derived from the flavedo tissue of C. unshiu (Hara et al., 1999) . The library, consisting of 4.5310 5 recombinants, was screened using the plaque hybridization method. The probe used for the screening was full-length CuCOR19 cDNA. The CuCOR19 (C. unshiu cold-regulated 19 kDa) protein is a dehydrin of C. unshiu which has three Lys-rich motifs (Hara et al., 1999) . Hybridization and detection were performed using a DIG DNA Labeling and Detection Kit (Roche Diagnostics, Tokyo). More than 100 positive clones were obtained and 20 randomly-selected clones were sequenced. Ten clones were full-length clones and encoded the same CuCOR15.
Recombinant expression of CuCOR15
Recombinant proteins were obtained by using the pET22b Escherichia coli expression system (Novagen, WI). A pelB leader was attached at the N terminus of the recombinant proteins to transport them to the periplasm of the host bacteria. The His-Tag sequence was not used in this experiment. For the expression of the entire open reading frame (ORF) of CuCOR15 protein, the corresponding cDNA was obtained by a polymerase chain reaction (PCR) with a sense primer containing a BamHI site (59-AATTCGGATCCGATGTCA-GGAGTTATTCACAAG-39, corresponding amino acid sequence: MSGVIHK) and an antisense primer containing a HindIII site (59-GCGGCCGCAAGCTTTTAATCGCTGTCACTGCT-39, corresponding amino acid sequence: SSDSD and a stop codon). The cDNA fragment was inserted into the BamHI and HindIII sites of the pET22b vector to form an in-frame junction between the pelB leader and the ORF of CuCOR15. A construct expressing the region from Leu 12 to the C terminus in the CuCOR15 ORF was prepared in a similar way. The cDNA was amplified by PCR with a sense primer containing a BamHI site (59-AATTCGGATCCCCCCCTTCAC-ATGGGAGGAGGGCAA-39, corresponding amino acid sequence: LHMGGGQ) and the same antisense primer described above. The PCR product was inserted into the BamHI and HindIII sites of pET22b. An expression vector for a mutagenized CuCOR15 lacking domains 4 and 5 was produced by introducing a stop codon into the expression vector containing the partial CuCOR15 ORF from Leu a TAA stop codon flanking the N-terminus side of domain 4 (Gly 105 ) by using a QuikChange Site-Directed Mutagenesis Kit (Stratagene, CA). The mutation introduced was confirmed by DNA sequencing.
Escherichia coli strain BL21 containing each expression construct was precultured at 37 8C. One-millimolar isopropyl b-D-thiogalactopyranoside was added to the culture. After incubating for 3 h at 28 8C, the periplasmic fraction was obtained according to the manufacturer's instructions (Novagen, WI). Bacterial cells obtained from the culture (950 ml) were resuspended in 4 ml of the culture medium. Chloroform (1.2 ml) and 10 mM TRIS-HCl buffer pH 8 (6 ml) were added to the cell suspension. After mixing, the suspension was centrifuged at 12 000 g for 10 min at 4 8C. A supernatant was used as a periplasmic fraction. The fraction was heated at 85 8C for 10 min. After centrifugation at 12 000 g for 10 min at 4 8C, the supernatant was adjusted to 70% saturation with ammonium sulphate and then centrifuged at 12 000 g for 20 min at 4 8C. The pellet was dissolved and desalted on a Sephadex G-25 column (Amersham Pharmacia Biotech, Tokyo) equilibrated with 5 mM potassium phosphate buffer (pH 7.0). The sample was next subjected to DEAE-Toyopearl 650M (Tosoh, Tokyo) column chromatography. The protein was eluted with an NaCl gradient (0 M to 1 M). At this step, the purity of the protein was approximately 98% according to the signal intensity of bands in the SDS-PAGE gel stained with Coomassie Brilliant Blue. The sample was desalted using the Sephadex G-25 column and freeze-dried. The dried sample was weighed and kept at ÿ20 8C prior to use.
MS analysis
The molecular mass of the recombinant CuCOR15 protein from Leu 12 to the C terminus was determined by electrospray ionization/mass spectrometry (ESI/MS, API-150EX, Applied Biosystems/MDS SCIEX, Toronto). The purified protein was dissolved in 5 mM potassium phosphate buffer at pH 7.0. Twenty-five microlitres of the protein solution (4 mg ml ÿ1 , 267 lM) and 75 ll of 10 mM ammonium acetate at pH 6.8 were combined to prepare an injection sample. The positive ion ESI mass spectra were recorded by averaging 80 scans from m/z 400-3000 with a pause of 5 ms. The minimum molecular mass was determined from the deconvoluted spectra.
Diethyl pyrocarbonate (DEPC) treatment
A recombinant CuCOR15 protein from Leu 12 to the C terminus was dissolved in 100 mM sodium phosphate buffer at pH 6.0 at a concentration of 1.3 mg ml ÿ1 (86.7 lM). The protein solution (160 ll) was combined with an appropriate concentration of DEPC solution (40 ll) dissolved in 10% ethanol to give a final concentration of DEPC of 4 mM or 20 mM. The ratio of modification was determined by the absorbance of the ethoxyformyl group at 240 nm. The molar extinction coefficients of the ethoxyformyl group at the DEPC concentrations of 4 mM and 20 mM were 4.0310 3 and 6.2310
, respectively (Roosemont, 1978) .
Metal chelating affinity chromatography
Interactions between metal ions and polypeptides were judged by means of immobilized metal ion affinity chromatography (IMAC) using HiTrap Chelating HP (Amersham Pharmacia Biotech, Tokyo) according to Ueda et al. (2003) . The columns were charged by applying 3 ml of 100 mM MgCl 2 , CaCl 2 , MnCl 2 , FeCl 3 , CoCl 2 , NiCl 2 , CuCl 2 , and ZnCl 2 , respectively. After washing out the excess metal with 5 ml of deionized water, the column was equilibrated with 50 mM TRIS-HCl buffer at pH 7.4 containing 1 M NaCl (EQ buffer). One-hundred microlitres of a protein solution (a recombinant CuCOR15 protein from Leu 12 to the C terminus, 1 mg ml ÿ1 , 66.7 lM) was applied to the column. The unbound recombinant protein was washed out with 12 ml of the EQ buffer followed by 5 ml of water. The bound protein was eluted by the addition of 5 ml of 250 mM EDTA. One millilitre of each was fractionated and subjected to SDS-PAGE analysis. A HiTrap Chelating HP column charged with no metal was used as a control.
To determine which amino acids were involved in metal-binding, elution was carried out with each amino acid, i.e. Gly, Ala, Val, Leu, Ile, Met, Pro, Ser, Thr, Asn, Gln, Asp, Glu, Lys, His, Arg, and Tyr. One-hundred microlitres of a protein solution (a recombinant CuCOR15 protein from Leu 12 to the C terminus, 1 mg ml ÿ1 , 66.7 lM) was loaded into the Cu 2+ -chelating column. After washing the column with 7 ml of the EQ buffer, 5 ml of each amino acid dissolved in the EQ buffer was added. The amino acid concentrations were 150 mM and 20 mM for amino acids except Tyr and for Tyr, respectively. The column was then washed with 250 mM EDTA. The fraction size was 1 ml. The fractions were analysed by SDS-PAGE.
The degree of metal-polypeptide binding was compared using the method of Chen et al. (1998) with slight modification. A recombinant CuCOR15 protein from Leu 12 to the C terminus, DEPC-treated recombinant CuCOR15s, a mutagenized recombinant CuCOR15 without domains 4 and 5, domains 1 to 5, and a His-rich sequence of domain 1 were applied to the Cu 2+ -chelating column. The column was washed with 10 ml of the EQ buffer, and a linear gradient of imidazole (13 ml, from 0 mM to 250 mM in the EQ buffer) was used. The gradient was formed using the EGP system (Bio-Rad, Tokyo). The eluate was fractionated and the volume of each fraction was measured. The imidazole concentration was monitored at 240 nm. Fractions containing recombinant proteins were analysed by SDS-PAGE. The protein amount was estimated from the signal intensity of bands stained with Coomassie Brilliant Blue. Domains 1 to 5 and the His-rich sequence of domain 1 contain Trp at the N-terminus. These were detected by measuring the absorbance at 280 nm.
Metal binding assay
The metal binding of the recombinant CuCOR15 protein from Leu 12 to the C terminus was analysed using an ultrafiltration method described by Nishikawa et al. (1997) . Mixtures containing 16.7 lM (250 lg ml ÿ1 ) CuCOR15, 10 mM TRIS-HCl pH 7.4, 100 mM NaCl, and appropriate concentrations of CoCl 2 , NiCl 2 , CuCl 2 , or ZnCl 2 , were incubated at 4 8C for 10 min. In the case of FeCl 3 , 10 mM MESNaOH at pH 5.5 was used. The binding was saturated within 10 min (data not shown). MES-NaOH (pH 5.5, 6.0, and 6.4) and TRIS-HCl (pH 6.8 and 7.4) were used to vary the pH. Ionic strength was changed by the addition of NaCl (up to 1 M). Any insoluble complex was removed by centrifugation at 12 000 g for 5 min at 4 8C. The supernatant was then subjected to ultrafiltration (Ultrafree-MC, 5000 NMWL, Millipore, MA). The apparatus was centrifuged at 4000 g for 30 min at 4 8C. The metal concentration in the filtered solution was measured to determine the free metal concentration (F) as described below. After that, bound metal concentration (B), B/F value, and how many atoms the recombinant protein bound to each sample were calculated. For Scatchard plots, the number of metal atoms (x-axis) was plotted versus the B/F value (y-axis), and appropriate straight lines were drawn.
Concentrations of Co 2+ , Ni 2+ , Cu 2+ , and Zn 2+ were determined using a calcein assay (Argirova and Ortwerth, 2003) . For the Co 2+ , Ni 2+ , and Cu 2+ assay, 50 ll of sample solution was added to 3 ml of 1 lM calcein solution in 5 mM TRIS-HCl buffer at pH 6.8. Quenching of fluorescence was detected at an excitation wavelength of 488 nm and emission wavelength at 517 nm. For the Zn 2+ assay, the calcein solution was prepared with 0.1 M NaOH, and the increase in fluorescence was monitored under the same conditions described above. The concentration of each metal was calculated from the calibration curves. Linearity of the curves was found in the following ranges: Co 2+ (0-30 lM), Ni 2+ (0-30 lM), Cu 2+ (0-60 lM), and Zn
2+
(0-80 lM). Iron was determined using a modified o-phenanthroline method (Tamura et al., 1974 
Results

Preparation of recombinant citrus dehydrin
The radical scavenging activity of a CuCOR19 (Citrus unshiu cold-regulated 19 kDa protein) (Hara et al., 2003 (Hara et al., , 2004 has previously been reported. CuCOR19 belongs to the dehydrin family, since it has Lys-rich motifs which are typical conserved domains of dehydrin (Hara et al., 1999) .
When a flavedo cDNA library of C. unshiu was screened with a probe for CuCOR19 cDNA, another kind of dehydrin cDNA was isolated. The new clone was identical in amino acid sequence to CuCOR19 except that it had only two Lys-rich motifs. The gene encoded a 15 kDa protein composed of 137 amino acids. Thus the clone was designated CuCOR15. The accession number for CuCOR15 is AB178479. The amino acid sequence of CuCOR15 is shown in Fig. 1A . It is a member of the citrus dehydrin family, since identity at the amino acid level in CuCOR15 versus C. clementina dehydrin (AAQ92310) and in CuCOR15 versus C. paradisi dehydrin (AAK52077) was 98.6% and 96.4%, respectively. CuCOR15 is very similar to CuCOR19 in that its expression was enhanced by cold stress in citrus and the recombinant protein showed antioxidative activity (data not shown). However, the domain composition of CuCOR15 is simpler than that of CuCOR19. For this reason, subsequent experiments were conducted with CuCOR15. Recombinant CuCOR15 protein was prepared using the pET22b E. coli expression system. Two kinds of expression vectors were constructed: a leader peptide for periplasmic transportation was attached to the N terminus of a fulllength open reading frame (ORF) or part of the ORF from Leu 12 (underlined in Fig. 1 ) to the C terminus. Expression succeeded with the latter construction. After digestion of the leader peptide, a short sequence from the vector (MDI-GINSDPP) was attached to the N terminus of the partial ORF. Below, this protein is designated as 'recombinant CuCOR15 protein' or simply 'CuCOR15'. SDS-PAGE analysis revealed the size of the recombinant CuCOR15 protein to be far larger than 15 kDa (Fig. 1B) . The molecular weight determined by electrospray ionization/mass spectrometry (ESI/MS) and the calculated molecular weight were 1515162 and 15078, respectively. It is likely that two K + molecules bound to the recombinant CuCOR15 protein, since the ESI/MS analysis was performed in a potassium phosphate buffer. A previous report noted that some dehydrins showed a higher molecular weight in SDS-PAGE than their calculated molecular weight (Svensson et al., 2000) .
Metal binding property of CuCOR15
Immobilized metal ion affinity chromatography (IMAC) was performed to identify the metals which were bound by the recombinant CuCOR15 protein. IMAC has been used to test the binding affinity between proteins and metal ions (Chaga, 2001; Ueda et al., 2003 . Recombinant CuCOR15 protein was expressed as a partial polypeptide (from Leu 12 to the C-terminus) which followed an additional 11 amino acids derived from a vector sequence. Thus the sequence of the N-terminus of recombinant CuCOR15 protein is MDIGINSDPP instead of MSGVIHKTGEA in Fig. 1A . D1 to D5 indicate domains 1 to 5, respectively. Because two D2s are similar but not identical, they are designated D2a and D2b. (B) SDS-PAGE analysis of purified recombinant CuCOR15 protein. Recombinant CuCOR15 protein was obtained using an E. coli expression system. Protein from the periplasmic fraction was purified by anion exchange chromatography. The homogeneous protein was identified by electrospray ionization/mass spectrometry. Samples were subjected to SDS-PAGE analysis and stained with Coomassie Brilliant Blue. solution forms Fe colloids, the pH was adjusted to 5. (Fig. 3C, D) . Inversely, the Fe 3+ -CuCOR15 binding showed the lowest affinity (K D =1.4 mM) (Fig. 3A) . was not influenced by pH (from 5.5 to 7.4) or ionic strength (up to 1 M NaCl), the binding is likely to be specific and stable under physiological conditions (data not shown).
Amino acids associated with the binding of CuCOR15 to Cu
2+
To elucidate the binding mechanism, an investigation was made into which amino acid residues contributed to Cu 2+ -CuCOR15 binding. First, ligand elution in IMAC was carried out with each amino acid comprising CuCOR15 (Fig. 4) . The recombinant CuCOR15 lacks Phe, Trp, and Cys, so 17 kinds of amino acids were subjected to elution. Only His could dissociate the binding of CuCOR15 to Cu 2+ (Fig. 4A) . Other amino acids (Gly, Ala, Val, Leu, Ile, Met, Pro, Ser, Thr, Asn, Gln, Asp, Glu, Lys, Arg, and Tyr) did not elute CuCOR15 (Fig. 4B) . The CuCOR15 retained in the column could be eluted using a gradient of imidazole, which is an analogue of His (Fig. 5) . The imidazole concentration at elution was 112 mM. His residues in CuCOR15 were modified by diethyl pyrocarbonate (DEPC). Although the DEPC concentration was elevated to 20 mM, only 8 His residues were modified. The addition of urea to the DEPC reaction did not enhance the efficiency (data not shown). DEPC treatment reduced the strength of Cu 2+ -CuCOR15 binding, because CuCOR15 treated with 4 mM and 20 mM DEPC was eluted by 60 mM and 50 mM imidazole, respectively (Fig. 5) . These results suggest that His is a crucial residue that contributes to Cu 2+ -CuCOR15 binding.
Determination of the metal-binding domain in CuCOR15
Based on the disposition of sequence motifs, CuCOR15 was divided into five domains (Fig. 1A) . Domain 1 (D1, GGQKEEDKHKGEHHSGDHH) is located near the Nterminus of CuCOR15. Two mutually similar kinds of domain 2 are found in CuCOR15. One domain 2 (D2a, TTDVHHQQQYHGGEH) is near the C-terminus side of domain 1. Another domain 2 (D2b, TTDVHHQQQQQQ-YHGGEHREGEH) is located between the two Lys-rich motifs designated as domain 3 (D3, KEGLVDKIKQQ/ KIPGVG). Domains 4 and 5, respectively, contain the Lys-cluster and the Ser-cluster. To estimate the relative strength of binding between Cu
2+
and each domain, a recombinant CuCOR15 (D1-D2a-D3-D2b-D3-D4-D5), a mutagenized recombinant CuCOR15 lacking domains 4 and 5 (D1-D2a-D3-D2b-D3), each domain from 1 to 5 (D1, D2a, D3, D4, and D5), and the His-rich region of domain 1 (HKGEHHSGDHH) were subjected to IMAC chelating Cu 2+ . The chromatography was performed as illustrated in Fig. 5 . The recombinant CuCOR15, the mutagenized CuCOR15 lacking domains 4 and 5, domain 1, and HKGEHHSGDHH bound Cu 2+ to the same extent: the concentration of imidazole at the elution peak was between 106 and 112 mM ( Table 1 ). The binding of domain 2a (imidazole concentration: 92 mM) was slightly weaker than that of domain 1. Imidazole concentrations for the elution of domains 4 and 5 were 50 mM and 58 mM, respectively. Domain 3 was eluted at the void volume. Among the peptides tested, the number of His residues was positively correlated to the intensity of the Cu 2+ binding. Because the binding of HKGEHHSGDHH was equal to that of native CuCOR15, HKGEHHSG-DHH was a crucial sequence for the binding of Cu 2+ in Fig. 2 . Investigation of metal-CuCOR15 binding using immobilized metal ion affinity chromatography (IMAC). The columns were charged with no metal, Mg 2+ , Ca 2+ , Mn 2+ , Fe 3+ , Co 2+ , Ni 2+ , Cu 2+ , and Zn 2+ . IMAC is described in the Materials and methods. Recombinant CuCOR15 protein was loaded (arrow) onto a column equilibrated with 50 mM TRIS-HCl buffer at pH 7.4 containing 1 M NaCl (EQ buffer). The column was washed with the EQ buffer and water to elute the unbound CuCOR15. Bound CuCOR15 was eluted by 250 mM EDTA. Numbers indicate fractions (1 ml each). Samples were subjected to SDS-PAGE analysis and stained with Coomassie Brilliant Blue.
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CuCOR15. Domain 2s also appeared to contribute to the binding. On the other hand, it appears likely that domains 4 and 5 did not participate to any great extent, since the binding of these domains was weak and the mutant CuCOR15, lacking in both domains, showed the same binding activity as native CuCOR15. Domain 3 was not associated with the binding of Cu 2+ .
Discussion
Dehydrins are proteins which accumulate in plants exposed to osmotic stress. The function of dehydrins, however, remains to be elucidated. Recently, it has been reported that citrus dehydrin is an antioxidative protein (Hara et al., 2003 (Hara et al., , 2004 . The citrus dehydrin scavenges hydroxyl radicals generated by the metal/H 2 O 2 system (Hara et al., 2004) . In mammals, several radical scavenging proteins chelate metals, indicating that the metal binding of protein controls the generation of radicals (Soriani et al., 1994; Vasak and Hasler, 2000; Kang et al., 2001) . It has been reported that some dehydrins bind metals (Svensson et al., 2000; Kruger et al., 2002; Alsheikh et al., 2003; Herzer et al., 2003) . Four recombinant Arabidopsis dehydrins bound to a Cu 2+ -and Ni
2+
-charged chelating column (Svensson et al., 2000) . They predicted that His residues in dehydrins could be related to metal binding. The protein, however, was not eluted with 1 M imidazole. Ricinus communis dehydrin-like protein and Glycine max dehydrin could be captured on the Cu 2+ -charged chelating column (Kruger et al., 2002; Herzer et al., 2003) . These dehydrins were eluted with imidazole, but the binding mechanisms were not discussed. Alsheikh et al. (2003) , and Zn 2+ , two classes of binding (high and low affinity), were found. The number of metal ions bound at high affinity was estimated at about two (Fig. 3C, D, E) . This shows that two metal ions may preferentially associate with CuCOR15. Comparing the K D of CuCOR15 and other reported copper-binding proteins, the value for CuCOR15 (1.6 lM) was lower than that for a prion protein (14 lM) (Viles et al., 1999) , but higher than that for a brain S100b protein (0.46 lM) (Nishikawa et al., 1997) or a salivary histatin (38 nM) (Gusman et al., 2001) . CuCOR15 bound up to 16 atoms of Cu 2+ as a result of both high and low affinity binding. The binding capacity of CuCOR15 was much greater than that of the prion protein (4 atoms), the S100b protein (6.5 atoms), or the histatin (4 atoms). Since the Cu 2+ -binding of CuCOR15 was not influenced by pH or ionic concentration, the binding may remain strong under physiological conditions. Cys, His, Lys, Arg, Trp, Tyr, Phe, and the N-terminus may be involved in metal-protein interactions (Ueda et al., 2003) . CuCOR15 does not contain any Cys, Trp, or Phe residues. The IMAC experiments demonstrated that only His contributes to the metal binding of CuCOR15. In addition, the His-rich sequence in domain 1 (HKGEHHSGDHH) showed a similar binding activity to CuCOR15. These results suggest that HKGEHHSGDHH may be a core sequence that binds metals in CuCOR15. It is noticed that the sequence contains double His (HH) sequences and His-X3-His motifs (HKGEH and HSGDH). The double His sequence binds metals more strongly than a single His (Gusman et al., 2001) . The His-X3-His motif has been characterized as a metal binding site in many metal-binding proteins, such as C2H2-type zinc finger transcription factors (Bouhouche et al., 2000) , zincdependent metallopeptidases (Jongeneel et al., 1989) , Fig. 4 . Elution of CuCOR15 retained in the Cu 2+ -chelating column by different amino acids. After CuCOR15 was applied to the Cu 2+ -chelating column, the column was washed with 50 mM TRIS-HCl buffer at pH 7.4 containing 1 M NaCl (EQ buffer), and subsequently eluted with each amino acid (150 mM for all amino acids except Tyr and 20 mM for Tyr). Finally, the column was washed with 250 mM EDTA. His elution (A) and Gly elution (B). Elution patterns similar to (B) were obtained for other amino acids such as Ala, Val, Leu, Ile, Met, Pro, Ser, Thr, Asn, Gln, Asp, Glu, Lys, Arg, and Tyr. Fig. 5 . Elution of recombinant CuCOR15 protein retained in the Cu 2+ -chelating column using imidazole. After CuCOR15 was applied to the Cu 2+ -chelating column, the column was washed with 10 ml of the EQ buffer. The imidazole gradient (dotted line) was from 0 mM to 250 mM in the EQ buffer. Protein amount was measured from the band intensity of recombinant CuCOR15 in SDS-PAGE analysis. Circles, triangles, and squares represent CuCOR15, and CuCOR15 treated with 4 mM DEPC, and CuCOR15 treated with 20 mM DEPC, respectively. The bar shows the void volume. The table indicates histatins (Gusman et al., 2001) , and synthetic peptides binding metals (Corazza et al., 1999) . If a peptide containing the motif forms a helix, two His residues could be located close together on the surface of the coil. Thus the His-X3-His motif shows strong metal binding (Suzuki et al., 1998) . The sequence of HKGEHHSGDHH may bind metals by means of similar mechanisms. As the other model, HHSGDHH may form a loop structure similar to Zn finger motifs (Bouhouche et al., 2000) , provided the two HHs connecting together can chelate metals. Binding assays using a series of mutant peptides that include deletion mutants or positional mutants of His residues will elucidate the metal binding mode of CuCOR15. In general, His residues are rare in proteins, with the proportion being approximately 2% of the amino acid content (Ueda et al., 2003) . Dehydrins, however, contain a higher proportion of His. In the Arabidopsis genome, there are 10 dehydrin-related proteins. The range of His content was 3.2% to 13.5%. Moreover, 7 dehydrins out of 10 possess the double His sequence and/or the His-X3-His motif (data not shown). These results suggest that most dehydrins may be metal-binding proteins. On the other hand, the Lys-rich motif (domain 3) of CuCOR15 did not bind Cu 2+ . It has been reported that Lys-rich motifs are crucial for the interaction between dehydrins and macromolecules (Close, 1996; Ingram and Bartels, 1996; Koag et al., 2003; Soulages et al., 2003) . Because the metalbinding domain and the macromolecular binding site are located separately, dehydrins may store metal ions and keep them in isolation at specific sites in the cell.
The antioxidative activity of citrus dehydrin can be discussed from two aspects: the scavenging of radicals which have already been generated, and the binding of metals which are sources for radical generation. Dehydration and cold, which promote dehydrin accumulation, are environmental cues producing reactive oxygen species in plants (McKersie et al., 1993; Shen et al., 1997; IturbeOrmaetxe et al., 1998) . Catalytic metals released from metal-proteins could produce hydroxyl radicals that cause oxidative damage in plants exposed to water stress (IturbeOrmaetxe et al., 1998) . Because the dehydrated cytoplasm contracts, the catalytic metals may produce more radicals. Dehydrins may reduce the toxicity of metals by binding them and scavenging the radicals that they generate. It is also known that high levels of dehydrins accumulate in the seed embryo. The role of dehydrins in seeds could be to protect the embryo against toxicity from maternally-derived metals concentrated by dehydration.
Metallothioneins and phytochelatins have been a focus of research interest, not only as metal-binding proteins but also as antioxidants in plants (Cobbett, 2000; Hall, 2002) . On the other hand, the present results show that citrus dehydrin, which is a radical-scavenging protein, binds metals not via Cys but via His. It is therefore proposed that plants may have two classes of antioxidative metalbinding proteins: an SH-type of metal-binding protein like metallothionein or phytochelatin, and a non-SH-type of metal-binding protein like dehydrin. Both classes may be needed to reduce the oxidative damage induced in plants by environmental stress.
